PERIODONTITIS AS A DISEASE ENTITY
Periodontal disease refers to the processes of destruction of the peri-tooth structures that support the teeth. These are composed of the gingiva, the periodontal ligament, the cementum, and the alveolar bone. The chronic destruction of these supporting tissues leads to the eventual loss of teeth and hence partial or full edentulism. Epidemiological studies reveal that more than two-thirds of the world's population suffers from one of the chronic forms of periodontal disease. Recent recognition of the importance of periodontal disease and its impact on the perpetuation and management of systemic diseases calls for a global effort to control periodontal disease.
Two forms of periodontitis have been proposed: One is chronic periodontitis (previously termed "adult periodontitis"), which affects primarily the adult population who are > 35 years of age. This type of periodontitis is frequently associated with an elevated number and frequency of Porphyromonas (P.) gingivalis, Treponema (T.) denticola, and Tanerella (T.) forsythia detected in the subgingival microbial community. Contributing local factors consisting of conspicuous dental plaque, calculus, root surface accretions, and overhanging restorations are closely associated quantitatively or qualitatively with disease expression. The other form, aggressive periodontitis (previously referred to as "early-onset periodontitis"), is associated with young adults (< 35 years of age) and is characterized by rapid destruction with minimal signs of gingival inflammation. Aggregatibacter (A.) actinomycetemcomitans (formerly Actinobacillus actinomycetemcomitans) is defined as the predominant cultivable organism in localized afflicted sites, whereas P. gingivalis, Prevotella (P.) intermedia and Capnocytophaga (C.) sputigena are frequently isolated in the generalized form. The aggressive forms of periodontitis suggest a genetic predisposition with a minimal number of noticeable local factors. The American Academy of Periodontology (1999) proposed disregarding the association of age with either form of the disease, since both can affect young and old populations regardless of age. Other periodontal diseases include gingival diseases, necrotizing periodontal diseases, abscesses, developmental and acquired forms of periodontal diseases, and combined endodontic-periodontal lesions.
PERIODONTITIS AS A POLYMICROBIAL INFECTION
Traditional concepts of the etiology and initiation of periodontal disease stem from the observation that gingival inflammation ensues from the sequential and quantitative microbial load accumulating in the gingival sulcus as an organized biofilm known as bacterial plaque. The current concept emerges from extensive research findings on the polymicrobial nature of the associated biofilm. This has led to the notion that biofilm quality is the critical factor in the pathogenesis of periodontal disease. Indeed it is now thought that periodontal disease is a specifically combined infectionof polymicrobial Gram-negative anaerobic bacteria, including P. gingivalis, T. denticola and T. forsythia, and A. actinomycetemcomitans, all of which have been proposed as predominant pathogens, exclusively or synergistically with other bacteria, including P. intermedia, Campylobacter (C.) rectus, Fusobacterium (F.) nucleatum, and herpes virus.
Although periodontal diseases are primarily initiated and perpetuated by mixed biofilm (possibly also including viruses), other factors including host-associated factors, genetic predisposition, immune dysfunction, and environmental factors can exacerbate the disease. Thus, a combined strategy, targeting both specific pathogenic species and the host immune response would have to be adopted for the sophisticated management of the compromised subject.
EMERGING CONCEPTS REGARDING VACCINE DEVELOPMENT
Three emerging concepts of periodontal disease may influence the development of a sophisticated vaccine to eradicate or alleviate the disease burden. The first is that periodontal disease is a polymicrobial infection. The second is that it is a major cause of adult tooth loss worldwide. The third is that periodontal disease contributes to the perpetuation of systemic diseases of critical importance (atherosclerosis, diabetes mellitus, etc.).
Ever since the introduction of the smallpox vaccine by Jenner in 1798, antigens of infectious pathogenic bacteria and viruses have been the targets for a variety of vaccines against a number of infectious diseases. Within this context, vaccine strategy has been based on prevention of disease and less so on their treatment. Thus, most vaccines target one or multiple antigenic components of mono-infecting bacteria or viruses. At the same time, most experiments on immunization of periodontitis, despite its poly-infectious nature, have been directed toward a very limited number of antigenic components of a single specific pathogen, either P. gingivalis or A. actinomycetemcomitans.
THE SIGNIFICANCE OF PERIODONTAL VACCINE DEVELOPMENT
The demanding primary role of any periodontal vaccine would be to eradicate the global periodontal disease burden with the ultimate purpose of lowering periodontal diseaseassociated morbidity in humans. The role of any vaccine, however, should also be seen within the context of changes in lifestyle. The vaccine effect should be seen to enhance the feasibility of maintaining oral health and to maximize retention of the natural dentition, thus minimizing the need for prosthetic or implant restorations in the oral cavity. The so-called "healthy gum-healthy body" lifestyle could also lessen the economic burden incurred by restorative dental treatment. Moreover, recent novel findings linking periodontitis and systemic health concerns (atherosclerosis, diabetes mellitus, pre-term low-weight birth, rheumatoid arthritis, etc.) would suggest that prevention or treatment of periodontal diseases is fundamental to the effective management of atherosclerosis, uncontrolled diabetes, and low-weight pre-term birth or preeclampsia.
BASIC TENETS IN DEVELOPING STRATEGIES FOR PERIODONTITIS VACCINES
Despite the considerable numbers of cultivable microorganisms identifiable in the subgingival niche, researchers have narrowed the number of putative periodontal pathogens down to six or seven, P. gingivalis, T. denticola and T. forsythia, A. actinomycetemcomitans, P. intermedia, C. rectus, and F. nucleatum, which are predominantly cultivated in sites demonstrating disease activity. Socransky et al. [1] proposed the Red complex, namely P. gingivalis, T. denticola and T. forsythus, as the predominant disease-associated organisms. Later P. inter-media, Dialister pneumosintes, Eubacterium nodatum, C. rectus, and F. nucleatum, were also added as putative periodontal pathogens [2] . Viruses (herpes virus) and their interaction with periodontal pathogenic bacteria have also been suggested to be periodontal pathogens with the recent advent of molecular diagnostic techniques [3] [4] [5] [6] . In addition, aggressive periodontitis patients may not only harbor the distinct bacterial species associated with disease activity, but may also harbor A. actinomycetemcomitans, especially in a localized form.
Most immunization approaches, both active and passive, against periodontitis have been focused on P. gingivalis and A. actinomycetemcomitans. The target antigens have evolved from the whole organism to specific virulence factors (structural components or secreted products) that could confer immunity against colonization or the virulent activity of putative periodontal pathogens.
Vaccine testing animal systems have ranged from mice and rats to dogs and nonhuman primates. In order to evaluate vaccine efficacy in terms of the human immune system, a sophisticated humanized mouse system has been introduced with the adoptive transfer of human peripheral blood lymphocytes (PBLs) into a severe combined immunodeficiency (SCID) mouse system as well as into a non-obese diabetes (NOD)-scid mouse model. However, due to frequent episodes of leakiness of these mouse systems, a more stringent model with low leakiness has now been developed: NOD.CB17-prkdc scid /J.
IMMUNIZATION AGAINST PORPHYROMONAS GINGIVALIS
As noted above, P. gingivalis has been implicated as a major periodontopathogen in human periodontitis [7] . In this context, it has developed a variety of survival strategies enabling it to evade host defense mechanisms. Virulence components of the bacterial cell include cysteine proteases, fimbriae, capsular polysaccharide (CPS), lipopolysaccharide, and outer membrane vesicles [8] .
Both heat-and formalin-killed P. gingivalis whole cell vaccines, either alone or conjugated with syntax adjuvant, have been reported to inhibit the progression of periodontal disease and to elevate serum immunoglobulin G (IgG) and IgA titers that demonstrated opsonophagocytic capability in nonhuman primates [9] [10] [11] . Further, a recent study in mice immunized with heat-killed P. gingivalis reported the induction of P. gingivalis-specific IgG with optimal levels of opsonization of the microorganism and the prevention of alveolar bone loss [12] .
These studies, however, lack evidence of long-term immune memory and cell-mediated immune responses that would allow them to be adopted as a feasible vaccine strategy.
Gingipain, the term adopted for P. gingivalis specific cysteine proteases, represents one of the major pathogenic virulence factors for this organism. It consists of two components: gingipain R (RgpA and RgpB) that cleaves proteins at arginine residues, and gingipain K (porphypain 2, Kgp) that cleaves proteins at lysine residues. As a result, it has drawn considerable interest as a candidate target antigen for periodontal vaccine development [13] . Both RgpA and Kgp (but not RgpB) have a hemagglutinin domain that is essential for the adherence to erythrocytes, while the catalytic domain (in RgpA, RgpB, and Kgp) plays an important role in the evasion of the host defense system by degrading immunoglobulins and complement proteins and by disturbing the functions of neutrophils [14, 15] . Spurred by these findings, an active immunization program using purified P. gingivalis cysteine protease (porphypain-2) has been carried out, which resulted in a significantly elevated specific IgG antibody response that suppressed P. gingivalis-induced bone loss in Macaca (M.) fascicularis [16] .
However, with repeated immunization, the authors realized that only animals immunized with RgpA produced hemagglutinin domain-specific antibodies that contributed to the prevention of P. gingivalis-mediated periodontal disease [17] . Furthermore, immunization with the RgpA-Kgp proteinaseadhesin complexes of P. gingivalis protected against periodontal bone loss by eliciting a high titer of serum IgG2a response in the rat. This approach seems to open a new venue for further trials to pursue.
As P. gingivalis requires the hemagglutinin 2 (HA2) domain for survival through heme acquisition, an HA2 domain-based vaccine (rHA2) was administered to rats resulting in significantly enhanced IgG levels and some protection against experimental periodontitis. However, one clinical trial reported that periodontal patients demonstrated high IgG titers to the HA domain but not to the catalytic domain, because the catalytic domain is not exposed on the gingipain complex [18] . Furthermore, it is assumed that insufficient levels of human antibody to the catalytic subunits of RgpA and RgpB may be responsible for development of periodontitis, thus suggesting the need for inclusion of the catalytic subunit in vaccine design. Interestingly, a mouse immunization study, utilizing a synthetic peptide representing the N-terminus of the RgpA catalytic domain, RgpA45, coupled to an oligolysine, reported an increased level of IgG with protective capacity against P. gingivalis. Additional studies performed in murine models incorporating peptides of the catalytic domains or DNA vaccine encoding the subunit have strengthened the importance of inclusion of the catalytic subunit in the vaccine regimen by demonstrating the protective function of the anti-catalytic domain antibodies against P. gingivalis infection [19] .
The fimbriae of P. gingivalis, which consist of one major fimbriae and two minor fimbriae of 67 kDa and 72 kDa, respectively, are virulence factors in the pathogenesis of periodontal disease. When rats were parenteraly immunized with purified 43-kDa fimbrial protein, the resultant fimbrial A-specific antibodies in serum and saliva gave a satisfactory level of protection against P. gingivalis-induced alveolar bone loss [20] . Intranasal administration of P. gingivalis fimbrial antigen with recombinant cholera toxin B subunit also induced a significant immune response (fimbrial-specific secretory IgAsIgA) in mice, which could reduce P. gingivalis-mediated alveolar bone loss. It is also possible that this mucosal immunization resulted in peripheral tolerance and hence a reduced inflammatory response and alveolar bone loss. However, it has further been demonstrated that immunization with 43-kDa fimbrillin polymer of P. gingivalis did not show satisfactory levels of protection against all strains of P. gingivalis tested [21] . The feasibility of this fimbrial protein of P. gingivalis as a vaccine candidate antigen may therefore be dependent on its effectiveness in protecting against all the P. gingivalis strains.
A conjugate vaccine incorporating both fimbriae and P. gingivalis CPS, has been introduced in a study that led to the production of a high IgG response and which was effective in protecting against P. gingivalis infection [22] . However, in this study it was not clear whether the protection came from the CPS or fimbriae. CPS, by virtue of its encapsulation and antigenic shift, constitutes a robust strategy for P. gingivalis survival against opsonophagocytic activity. Due to its poor T-cell stimulating ability, however, CPS of other Gram-negative bacteria is usually conjugated to a protein antigen (for stimulating helper T-cells) in many vaccine trials in infectious diseases, such as pneumonia and meningitis. More recently, P. gingivalis CPS alone has nevertheless, been used as an immunogen, and it has been reported to result in an elevated production of serum IgG and IgM that provided protection against P. gingivalis-induced bone loss [23] .
PASSIVE IMMUNIZATION AGAINST PORPHY-ROMONAS GINGIVALIS
In terms of an anti-infective scheme, monoclonal antibodies targeting these antigenic molecules of P. gingivalis could potentially be adopted as a sophisticated mode of immunotherapy.
Outer membrane proteins (OMPs) are important coaggregation factors and as such are major colonization factors of P. gingivalis [24] [25] [26] . Since IgG specific for the 40 kDa-OMP inhibited coaggregation of P. gingivalis vesicles and S. gordonii, it could conceivably be used to prevent P. gingivalis infection [27] . In support of this, a panel of mouse monoclonal antibodies (mAb) against purified r40-kDa OMP specifically inhibited the coaggregation of A. naeslundii with several strains of P. gingivalis [28] . Furthermore, an IgG2 human mAb (HAB-OMP1) has been shown to significantly inhibit the coaggregation activity of P. gingivalis vesicles with A. naeslundii [29] . Most recently, a multi-centered genomic analysis of P. gingivalis has reported that recombinant OMP antigens PG32 and PG33, both known to play an important role in bacterial growth, coaggregation with other bacteria, and transcription, are potential vaccine candidates [30] .
Erythrocyte-derived protoheme is known to be one of the absolute requirements for the persistent growth of P. gingivalis [31] . It is the hemagglutinins of P. gingivalis that facilitate its attachment to the erythrocyte cell surface, allowing it to access protoheme. Hence, applying an mAb against the hemagglutinin could be seen as a potential passive immunization strategy against the persistence of P. gingivalis in the subgingival niche.
Based on this concept, local passive immunization with rabbit antiserum against P. gingivalis hemagglutinin has in fact resulted in a reduced colonization by exogenous P. gingivalis in the subgingival area over a 3-week period [32] . In addition, localized administration of a P. gingivalis-specific mAb (MAb61BG1.3) at severely infected subgingival sites has been shown to significantly reduce subsequent P. gingivalis recolonization for up to 9 months in periodontal patients [33] . It was subsequently shown that the mechanism by which MAb61BG1.3 inhibited the adhesion of P. gingivalis to the receptors on erythrocytes was due to its ability to block the hemagglutinating protease [34] .
As an advanced step forward in this approach, a single-chain variable fragment (scFv) mAb that recognized the 43-and 49-kDa proteins of P. gingivalis vesicles was prepared [35] . This scFv mAb was found to inhibit vesicle-associated hemagglutinating activity in a dose-dependent manner. Also, a monoclonal antibody using P. gingivalis vesicles as the immunogen (MAb-Pgvc) was shown to inhibit vesicle-associated hemagglutinating activity when incubated with rabbit erythrocytes [36] .
Recently, human lymphocytes, isolated from a donor with a high antibody titer against a recombinant 130 kDa hemagglutinin domain (r130k HMGD), were immortalized with EpsteinBarr virus, and specific antibody-producing B cells were established resulting in a human mAb (59) . The human mAb HMGD1 significantly inhibited the hemagglutinating activity of P. gingivalis vesicles in a dose-dependent manner and may prove to be a useful tool for passive immunization against periodontal disease [37] . Interestingly, in a novel introduction of XenoMouse technology, Shibata et al. [38] constructed an IgG2 Xeno-monoclonal antibody against the recombinant 130-kDa hemagglutinin domain of P. gingivalis and demon-JPIS Jeom-Il Choi et al. 157 strated a significant inhibition of hemagglutination by P. gingivalis and its vesicles [38] .
These results support the hypothesis that a monoclonal antibody specific to a bacterial antigen could prove to be an effective mode of passive immunization against P. gingivalis and possibly other periodontopathic bacteria.
IMMUNIZATION AGAINST AGGREGATIBACTER ACTINOMYCETEMCOMITANS
A. actinomycetemcomitans is considered another important pathogen in human periodontal disease, especially in the localized form of aggressive periodontitis.
Harano et al. [39] prepared an antiserum against a synthetic fimbrial peptide of A. actinomycetemcomitans and found that it blocked the adhesion of the organism to saliva-coated hydroxyapatite beads, to buccal epithelial cells, and to a fibroblast cell line. Also, subcutaneous and intranasal immunization of mice with capsular serotype b-specific polysaccharide antigen of A. actinomycetemcomitans resulted in a specific antibody that efficiently opsonized the organism [40] .
Furthermore, when mice were immunized with anti surfaceassociated material from A. actinomycetemcomitans, it yielded a raised protective opsonic antibody response and rapid healing of the primary lesions following a challenge with live A. actinomycetemcomitans [41] . However, relatively few studies have been conducted on developing vaccines against A. actinomycetemcomitans.
REGULATION OF THE IMMUNE RESPONSE TO THE POLYMICROBIAL BIOFILM: A VAC-CINE PERSPECTIVE
The subgingival microbial community demonstrates the distinctive ecologic features characteristic of a polymicrobial biofilm world with both synergistic and antagonistic communications among the complex microbial organisms. When the polymicrobial biofilm mass becomes mature and thicker with continuous colonization by the early, intermediate, and late colonizers, it demonstrates both quorum sensing [42] and genetic communication through pathogenicity islands [43] .
The host immune response to this biofilm is modulated by the array of different microbial challenges including both specific and cross-reactive antigens. This phenomenon then results in the recruitment of diverse antigen-specific B-and Tlymphocytes, which may in turn demonstrate a wide spectrum of poly-reactivity [44] [45] [46] [47] .
Two different independent research groups have evaluated immune modulation by immunizing F. nucleatum prior to subsequent immunization of P. gingivalis. When mice were immunized with F. nucleatum prior to P. gingivalis, a significantly decreased antibody response to P. gingivalis was observed [48] . At the same time, Choi et al. [49] demonstrated that P. gingivalis-specific helper T cell clones derived from mice immunized with P. gingivalis alone had a Th1 profile while those derived from mice immunized with F. nucleatum prior to P. gingivalis had a Th2 profile. The latter research group also reported that anti-F. nucleatum antibody elicited by immunization of F. nucleatum prior to P. gingivalis down modulated the opsonophagocytic function of anti-P. gingivalis immune serum [50, 51] .
This observation may explain in part why the opsonophagocytic function of anti-P. gingivalis-specific antibodies from periodontal patients is impaired [52] .
This immune regulating phenomenon observed with coinfecting microorganisms within the subgingival polymicrobial biofilm community should be taken into consideration when researchers design any periodontal vaccine. The fine tuning of helper T-cell polarization secreting an array of characteristic cytokines would obviously influence the ultimate outcome of any vaccine trial.
Immunization of M. fascicularis with P. gingivalis produced antibodies reactive not only with homologous antigens but also with those of B. forsythus (now called T. forsythia), a putative Gram-negative periodontopathic bacterium sharing antigens within the subgingival microbial community [53] .
VACCINE DESIGN VIA FINE-TUNING OF ANTIGEN-SPECIFIC T-CELLS IN PERIODONTAL DISEASE
Polarization of helper T-cells depends, in part, on the nature of the antigens, source of adjuvants, duration of antigenic challenge, presence of co-stimulatory molecules, and the type of antigen-presenting cell [54] .
Periodontal disease severity is counterbalanced by the finetuning of the so-called Th1/Th2 lymphocyte axis and the array of cytokine profiles contingent on T-cell polarization and immunoglobulin profiles secreted by B-lymphocytes. Interleukin-10 (IL-10) secreted by a number of different cell types is thought to exert a protective role against the progression of periodontal disease. This is supported by the observation that IL-10 knock-out mice demonstrate significantly lower bone levels and higher susceptibility to periodontal infection [55] . Care however must be taken in interpreting these results, as high levels of IL-10 may also stimulate IL-1 production by B cells and it has been suggested that the response curve to IL-10 follows a U shape such that both low levels as well as high levels of IL-10 are associated with disease progression [56] .
In order to study immune modulation mechanisms, Yamashi-ta et al. [57] adoptively transferred cloned A. actinomycetemcomitans-specific T-helper cells into a rat model followed by infection with A. actinomycetemcomitans. Rats adoptively transferred with the A. actinomycetemcomitans-specific T-cell clone demonstrated a significantly lower amount of bone loss when compared with the control group [57] . In a following study, they further showed the beneficial role of the Th2 clone in terms of antibody production and protection from periodontal bone loss [58] . In contrast, it is well established that chronic periodontitis is a B cell/plasma cell lesion while gingivitis is identical to delayed type hypersensitivity and as such is a T cell/macrophage lesion. In this context therefore, Gemmell and Seymour [59] have shown in humans that Th1-dominated lesions are associated with stability, while Th2-dominated lesions are associated with progressive disease, such that downregulation of Th2 responses with a concomitant increase in Th1 responses selectively against the bacteria may have therapeutic effects. However, the polarization of P. gingivalis-specific T-cell lines or clones in periodontal lesions is still controversial.
Further experiments on immune modulation by pathogenspecific T-cell clones may lead to a greater understanding of the specific role of antigen-specific T-lymphocytes in the pathogenesis of periodontal disease at the species level. It could also pave the way to the development of an adequate protection strategy against pathogenic agents. At this stage, however, it would appear that it is the balance between Th1 and Th2 cytokines that plays an important role in maintaining alveolar bone homeostasis [59, 60] .
Therefore, more refined mechanisms may have to be investigated using adoptive transfer of T-cell subsets specific to the more defined antigens interest for a vaccine before the specific vaccines can be fully developed. As an innovative strategy, vaccines designed to stimulate antigen-specific regulatory T-cells (Tregs, CD4+, CD25+, FoxP3+), secreting IL-10 and tumor necrosis factor beta (TGF-β), may provide new clues to periodontal disease prevention, through the induction of either immune tolerance or effector function [61] .
DEVELOPMENT STRATEGIES FOR A VACCINE AGAINST PERIODONTITIS AS A POLYMICRO-BIAL INFECTION
Most periodontal immunization studies have targeted a single pathogenic species. However, a number of the potential candidate antigenic determinants may share a sequence homology with other periodontopathic bacteria. These antigens may include phosphorylcholine [62] , CPS [63] , and heatshock protein (HSP) [64, 65] . Phosphorylcholine, however, would not be a suitable candidate antigen as it has not been identified in P. gingivalis. In addition, CPS is not a potent inducer of T-cell-mediated immunity and would require protein conjugation in any vaccine design [22] . Therefore HSP antigen, which has been identified in most putative periodontal pathogenic bacteria with a high level of sequence homology, may be a suitable candidate molecule.
The notion that periodontal disease is a polymicrobial infection prompted a study in which rats were immunized with P. gingivalis HSP60. Alveolar bone loss was experimentally induced by infection with multiple periodontopathogenic bacteria. Significantly high levels of anti-P. gingivalis HSP IgG antibody were elicited and there was a substantial reduction in alveolar bone loss induced by either P. gingivalis or by multiple bacterial infections [66] . This study postulated that P. gingivalis HSP60 could potentially be developed as a vaccine to inhibit periodontal disease induced by multiple pathogenic bacteria [67] . These results may well pave a new way in the development of periodontal vaccines targeting the mixed microbial component. Moreover, conjugating the cross-reactive HSP60 with CPSs may also be a potential versatile vaccine in the future. Interestingly, patients whose sera recognized both P. gingivalis HSP peptide number 19 and cross-reactive human HSP peptide number 19 have demonstrated a significantly higher level of alveolar bone, strongly suggesting an immune-modulating role for the cross-reactive peptide number 19 in periodontitis [45, 68] .
DEVELOPMENT STRATEGY FOR A VACCINE AGAINST PERIODONTITIS-TRIGGERED SYSTEMIC DISEASES
A number of different mechanisms have been postulated to explain the link between periodontal disease and atherosclerosis. In particular, increased systemic inflammation, with elevated inflammatory biomarkers, in periodontal patients may contribute to the perpetuation of atherosclerotic cardiovascular disease [69] . Furthermore, it has been suggested that the microbial components responsible for periodontal infection may trigger the development of autoimmune disease. Most recently, HSP of P. gingivalis has been a molecule of considerable interest since it may be a candidate trigger molecule linking infectious disease (e.g. periodontitis) and systemic autoimmune diseases, such as atherosclerosis, diabetes mellitus, and rheumatoid arthritis [70] [71] [72] [73] .
Recently, Choi et al. [74] [75] [76] [77] [78] have mapped the immunodominant T-and B-cell epitopes of P. gingivalis HSP60 in periodontitis and atherosclerosis patients. Furthermore, they have cloned hybridomas producing anti-P. gingivalis HSP60 monoclonal antibodies with either mono-reactivity to homologous HSP60 or poly-reactivity to multiple bacterial HSP's and mam-malian HSP60. The poly-reactive monoclonal antibody recognized peptide number 19 (TLVVNRLRGSLKICAVKAPG) of 37 synthetic peptides spanning the whole molecule of P. gingivalis HSP60 [46, 79] . This novel finding could provide a clue to identifying a possible candidate peptide epitope that could be further develop into periodontal disease-systemic autoimmune diseases (i.e. atherosclerosis, diabetes mellitus, or rheumatoid arthritis) vaccine. Such a vaccine might be useful in multifactorial diseases such as atherosclerosis and diabetes, where human HSP may be a critical target molecule in autoimmunity triggered by exogenous bacterial HSP. P. gingivalis HSP peptide number 19 was recognized by all the sera from atherosclerosis patients, strongly supporting the role of molecular mimicry in the periodontal-atherosclerosis link [46, 79] . The basic tenet of the hypothesis is that peptide number 19 may stimulate specific CD4+, CD25+, and FoxP3+ regulatory T-cells, which may in turn suppress the development of autoimmune diseases. This hypothesis is being investigated; however, care must be taken to ensure that any vaccine based on this concept does not itself trigger an autoimmune response. Interestingly, as mentioned above, patients whose sera recognized both P. gingivalis HSP peptide number 19 and human HSP peptide #19 have demonstrated a significantly higher level of alveolar bone, strongly suggesting an immune-modulating role for the cross-reactive peptide number 19 in periodontitis [68] . The fact that all atherosclerosis patients also exhibited antibodies to peptide number 19, however, suggests that it may be also involved in the pathogenesis of atherosclerosis.
DEVELOPING THE ADVANCED TOOLS FOR ENHANCING VACCINE EFFICACY
Recently, a variety of strategies to enhance the immunogenicity of antigenic components of B-or T-lymphocytes have been adopted in vaccine trials against periodontal disease. These include, but not limited to, immunization of dendritic cells pulsed with antigens, the use of improved adjuvant formulas (e.g. the use of alum as an alternative to HSP-based adjuvant), the use of recombinant plant monoclonal antibodies (plantibodies) [80, 81] , and the use of transgenic microorganisms as antigen vectors [82, 83] . These attempts leave challenging areas to be pursued further in the quest for a more sophisticated design that may guarantee the efficacy and safety of prolonged immune memory.
LESSONS FROM THE PAST FOR THE FUTURE
As yet, there are no periodontal vaccine trials that have been successful in satisfying all requirements; to prevent the colonization of multiple pathogen biofilm in the subgingival area, to elicit a high level of effector molecules such as immunoglobulin sufficient to opsonize and phagocytose the invading organisms, to suppress alveolar bone loss, and to stimulate helper T-cell polarization that exerts cytokine functions optimal for protection against bacteria and tissue destruction.
As an innovative strategy, vaccines using cross-reactive immunodominant epitopes as antigenic molecules in an attempt to stimulate antigen-specific regulatory T-cells (Tregs, CD4+, CD25+, FoxP3+), secreting IL-10 and TGF-β, may provide new clues for periodontal disease prevention, through the induction of either immune tolerance or an effector function.
Periodontal disease as a multifactorial and polymicrobial disease requires a sophisticated vaccine design regimen targeting multiple pathogenic species. Vaccine regimens including the commonly shared antigens by selected periodontopathogenic species would be considered an innovative strategy.
Traditional periodontal vaccine trials aim to stimulate the immune system to produce increased levels of immunoglobulin of desired specificity. To accomplish this end, a conjugate vaccine (i.e. protein-CPS conjugate), dendritic-cell based immunotherapy, and subunit DNA vaccine encoding the desired immunogenic epitope have been devised.
Animal models for vaccine trials may pose discrepancies with human models in major histocompatibility complex-restriction of antigens presented by antigen presenting, thus obscuring the immunodominant epitope(s). A humanized mouse system has been proposed that has been reconstituted with human PBLs. This system needs to meet the requirement of least leakiness of a mouse immune system. More recently, a genetically engineered mouse system, such as the NOD.CB17-prkdc scid /J mouse, has been introduced for the study of infectious and autoimmune diseases in humans. This model may also prove useful for the study of periodontal disease and putative periodontal vaccines.
